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Bulk ultra-ﬁne grained (UFG) AISI 304L stainless steel with excellent mechanical properties was prepared
by a high-temperature and high-pressure (HTHP) method using nanocrystalline AISI 304L stainless steel
powders obtained from ball milling. Samples were sintered in high-pressure conditions using the highest
martensite content of AISI 304L stainless steel powders milled for 25 h. Analyses of phase composition
and grain size were accomplished by X-ray diffraction and Rietveld reﬁnement. By comparing the reverse
martensite transformation under vacuum and HTHP treat, we consider that pressure can effectively
promote the change in the process of transformation. Compared with the solid-solution-treated 304L,
the hardness and yield strength of the samples sintered under HTHP are considerably higher. This
method of preparation of UFG bulk stainless steel may be widely popularised and used to obtain UFG
metallic materials with good comprehensive performance.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
AISI 304L stainless steel exhibits excellent corrosion resistance
and formability and is hence widely employed in industrial ap-
plications as an important structural material as well as an engine-
related part in the aerospace industry [1–5]. On the downside, the
relatively lower strength and speciﬁc strength of SS304L stainless
steel [6] limit its applications in the ﬁeld of aviation and aerospace.
Hence, improving its strength or speciﬁc strength is necessary and
will be beneﬁcial to reduce the weight of mechanical parts in
aerospace vehicle.
Many routes were employed to improve the strength of me-
tallic materials, such as deformation [7], precipitation [8], solid
solution [9], dispersion [10], and grain size reduction [11]. How-
ever, only the method of reﬁning grain can simultaneously im-
prove materials' comprehensive performance, including the
strength, plasticity and toughness [12–14]. Ball milling is a suitable
means to reﬁne grains [15]. Furthermore, high-temperature, high-
pressure (HTHP) sintering is effective in controlling grain growth
[16].
In this paper, nanocrystalline AISI 304L stainless steel powders
were prepared by ball milling method and characterised by X-rayy. Production and hosting by Elsev
ysu.edu.cn (D. Yu).
als Research Society.diffraction (XRD). AISI 304L stainless steel blocks were prepared
using HTHP sintering method. Their mechanical properties
(hardness, strength and plasticity) were studied using mechanical
tests. By combining XRD and Rietveld reﬁnement [17], we studied
the martensitic and reverse martensitic transformations of AISI
304L stainless steel during ball-milling and HTHP sintering. The
inﬂuence of the high-pressure condition on the transformation of
the inverse martensitic transformation was assessed by comparing
the inverse martensitic transformation under vacuum conditions.2. Experimental
The starting materials used in our study were AISI 304L stain-
less steel powders purchased from Alfa Asian with a granularity of
400 mesh and chemical composition is listed in Table 1.
The starting materials were ball milled at 400 rpm for different
time durations. Ethanol was used as PCA in the ball-milling pro-
cess, and the ball-to-powder weight ratio was 10:1.
The powder milled for 25 h was loaded into a quartz tube
connected to a mechanical pump and molecular pump for vacuum.
When the vacuum degree reached 105 Pa, the electric resistance
furnace was used to heat the quartz tube. Thermo-coupling was
conducted to control heating, maintaining a predetermined tem-
perature for 15 min. The samples were then cooled with the
furnace.
The milled powders were compressed into cylinders (10.7 mmier B.V. This is an open access article under the CC BY-NC-ND license
Table 1
Chemical composition of the raw materials (mass%).
C Cr Ni Si Cu Mo Mn Fe
0.03 21.7 10.5 0.68 0.43 0.36 0.2 Balance
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into a hexagonal boron nitride capsule with a 12 mm outer dia-
meter. HTHP experiments were performed using a China-type
large volume cubic press that utilises a maximum of 800t for every
WC anvil [18]. The samples were ﬁrstly compressed to 2.55 GPa
pressure and then heated to the desired temperature (200 °C to
800 °C, at intervals of 100 °C) for 15 min by resistive heating with
graphite tube heaters (outer diameter of 14 mm and inner dia-
meter of 12 mm). In all the experiments, the temperature was
measured in situ with a type K thermocouple (NiCt–NiSi). Pressure
was calibrated by the electrical resistance change during the phase
transitions of Bi at room temperature [19]. After HTHP treatment,
the samples were quenched to room temperature before the
pressure was unloaded. Finally, the obtained bulk samples with
diameters of approximately 10 mm and heights of 7.5–8 mm were
obtained.
Phase identiﬁcation analysis was conducted using XRD (Rigaku,
D/max-2500/PC) with Cu Kα radiation. Prior to XRD examination,
the surfaces of the bulk samples were ground with SiC emery
papers up to a roughness of 2000 and electro-polished with
electrolyte containing 90% acetic acid and 10% perchloric acid at
17 V for 300 s. All of the XRD proﬁles were normalised against the
maximum value. The MAUD software employed for Rietveld re-
ﬁnement was used to calculate the grain sizes and phase fractions.
Conﬁdence factor of those ﬁtting were: Rwo15.0, sigo2.0. So this
accuracy coincided with grain size test standard.
Field emission SEM (HITACHI S-4800) was conducted to ob-
serve the microstructures of the powders. The ImageJ software
was adopted to calculate the equivalent circle diameter (ECD) of
the particles and dimple size.
As cast AISI 304L bar was packaged in an evacuated quartz glass
capsule then solution heat treated at 1100 °C for 15 min in furnace
and water quenched to prepare solid-solution-treated 304L. It is
treated as a contrast sample for mechanical property test.
Vickers hardness test was carried out using a microhardness
tester (FUTURE-TECH, FM-ARS9000) with a load of 200 gf for 10 s.Fig. 1. X-ray diffraction (XRD) spectra and Rietveld reﬁnement results of the as-receive
samples of AISI 304L milled for 1, 5, 10, 15, 20 and 25 h; (b) relationship between millin
milled powder, as calculated by MAUD.The hardness of each sample was tested at 12 points, and the
average values and standard deviation were calculated.
The bulk samples and solid-solution-treated AISI 304L bar were
cut to cylindrical test specimens with a diameter of 3 mm and
height of 4.5 mm through electrical discharge wire-cutting. The
compression tests were performed on the sintered samples at the
nominal strain rates of 5104 at room temperature in air. The
tests were performed using a servohydraulic tensile testing ma-
chine (Hegewald & Peschke, Inspekt table 100).3. Results and discussion
3.1. Ball milling of AISI 304L
Fig. 1a shows X-ray proﬁles for the as-received AISI 304L and
samples of AISI 304L milled for 1, 5, 10, 15, 20 and 25 h. Micro-
structure of the ball-milled specimens consists of a mixture of
austenite [γ-phase, face-centred cubic (FCC)] and martensite [α
´-phase, body-centred tetragonal (BCT)].
By performing Rietveld reﬁnements using MAUD software [20]
on the XRD data, phase fractions and grain sizes were determined
at different milling times. The variations are shown in Fig. 1b and c.
Along with increased milling time, the fraction of martensite
greatly increased, whereas the fraction of austenite decreased.
Therefore, phase transformation from austenite to martensite oc-
curred during ball milling. During mechanical milling, a process
that employs severe plastic deformation, high shear strains can
lead to strong grain reﬁnement of the treated materials. Under this
high strain, the metastable austenite in AISI 304L is prone to
change to martensite in a process called strain-induced martensite
transformation.
At the start of milling, sufﬁcient powder exhibiting the auste-
nite phase was impacted by the ball, and the martensite phase was
then generated rapidly. By increasing the milling time continually,
the application of high-velocity impact between the mill ball and
powders was repeated. Hence, the amount of transformed mar-
tensite increased. With the decrease in amount of the austenite
fraction, the probability of collision between the mill ball and
powders exhibiting the austenite phase lessened. This result de-
celerated the increase in amount of the martensite phase. This
phenomenon agrees with the results of the XRD reﬁnements in
this study.d AISI 304L and milled powder. (a) XRD spectra of the as-received AISI 304L and
g time and grain size in the samples; (c) content of martensite and austenite in the
P. Wang et al. / Progress in Natural Science: Materials International 26 (2016) 404–410406Usually the martensite transformation induced by strain does
not transfer completely during plastic deformation. In this study,
with the milling time increased to 25 h, the martensite fraction
attained equilibrium at about 83%. The adoption of the exponentialFig. 2. Surface topography of the raw and milled powders. (a) SEM image of the as-receiv
15, 20 and 25 h; (h) magniﬁed image of (e).function is effectively accomplished by curve ﬁtting. With an ac-
curacy of an adjusted R-square of 0.98959 for martensite and
0.99912 for austenite, the effect of milling time on the phase ratio
of the milled powders could be represented as follows:ed AISI 304L powder; (b)–(g) SEM images of the AISI 304L powder milled for 1, 5, 10,
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+ = ( )W W 1 1-2A M
where WM is the weight percent of martensite; WA is the weight
percent of austenite; and t is the milling time, within the range of
1–25.
The martensite ratio of the milled powder was then controlled
by manipulating the milling time.
Mechanical milling is considered as an effective grain reﬁne-
ment method. In this work, AISI 304L powders with original grain
sizes exceeding 100 nm and martensite were reﬁned to 26 nm
after 25 h of milling because martensite exhibits brittleness higher
than austenite. During mechanical milling, the austenite phase
was ﬁrstly transferred to the martensite phase by strain-induced
martensite transformation. The more brittle martensite crystal
then broke into small fragments, ﬁnally resulting in grain
reﬁnement.
The grain was reﬁned rapidly at the outset, and the process
attained equilibrium after 10 h of milling. This ﬁnding agrees with
the trend of variation of the weight percent of martensite. Grain
reﬁnement and growth are two coupled yet opposing processes.
Under certain ball-milling conditions, the change in grain size
must terminate at a particular size, and the material must adapt
itself to a dynamic equilibrium, such as that of a steady state. The
XRD reﬁnement results showed that the grain size of martensite
achieved dynamic equilibrium at about 26 nm after 10 h of milling.
Functions 2-1 and 2-2 describe the relationship between grain
sizes and milling time. The accuracy of this curve ﬁtting by ex-
ponential function is reﬂected by adjusted R-square of 0.98799 for
martensite and 0.90767 for austenite.
( )= × − + ( )S t13.38326 exp /3.91769 26.20161 2-1M
( )= × − + ( )S t7.84962 exp /13.76406 18.56399 2-2A
where SM is the grain size of martensite; SA is the grain size of
austenite; and t is the milling time within the range of 1–25.
The surface topography of the milled powders is shown in
Fig. 2. The as-received AISI 304L powder shows a ball-like ap-
pearance, whereas the milled powders all display plate-like
morphologies. The high-power microscopic view demonstrates
that these sheets also exhibit a lamellar structure composed of
similar smaller pieces, reaching sizes up to the nanometre. This
result is due to the repetitive high-velocity impact amongst the
milling ball, powders and jar during mechanical milling.
Table 2 shows the changes in mean ECD and thickness of the
sheets in the milled powders at different ball-milling durations. At
the start of milling, the ball-like particles underwent plastic de-
formation and eventually became plate-like. As the impact was
repeated, the sheets became wider and thicker. When the de-
formation produced was sufﬁcient, the sheets were split intoTable 2
Mean ECD and thickness of the sheets in the powders during milling.
Milling time (h) Mean ECD (mm) Thickness (mm)
0 20 20
1 78 15
5 103 5
10 132 5
15 70 3
20 56 3
25 45 3smaller ones. Finally, the ECD and thickness of the sheets reached
a constant. The maximum value of mean ECD during milling was
about 132 mm for the 10 h milled powders.
During ball milling, we utilised ethanol as a process control
agent (PCA) to improve the output rate of milled powders and
promote grain reﬁnement. From the XRD and scanning electron
microscopy (SEM) analyses, we found that the powders obtained
in this work were composed of nanoscaled grains and micron-
scaled sheets comprising nanoscaled pieces.
3.2. Vacuum and HTHP treatment of milled powder
Fig. 3a reveals the XRD patterns of the powder milled for 25 h
and samples treated in a vacuum annealing furnace for 15 min
from 300 °C to 800 °C. The Rietveld reﬁnement results are shown
in Fig. 3b and c.
Fig. 4a displays the XRD proﬁle of a series of HTHP samples. The
precursor adopted was the 25 h milled AISI 304 L powder. This
sample was treated 15 min under a pressure of 2.55 GPa, and the
temperatures range from 200 °C to 800 °C. Fig. 4b and c display the
Rietveld reﬁnement results of the XRD data.
By comparing Figs. 3 and 4, it can be noted that with the in-
crease in sintering temperature, both revealed decreased contents
of the martensite phase and increased contents of the austenite
phase. This ﬁnding shows that the inverse martensitic transfor-
mation of the martensite phase to the austenite phase occurs
during the sintering process.
Meanwhile, the difference between the two conditions lies in
the temperature range of the inverse martensitic transformation.
During the process of vacuum heat treatment, the inverse mar-
tensitic transformation was initiated at 500 °C and at the end of
800 °C. By contrast, in high-pressure heat treatment, the inverse
martensitic transformation began at 400 °C and ended at 600 °C.
Patel and Cohen [21] have been discussed quantitatively about
the effect of an external force on martensitic transformations. They
reported, the mechanical work, ΔGam, done on the system by
hydrostatic pressure is written as:
( )Δ = − ( )−G V V P 3-1a m a m
And in the inverse martensitic transformations:
( )Δ = − ( )−G V V P 3-2m a m a
where Va and Vm are the volume of austenite and martensite, re-
spectively. P is the pressure of the system, takes a negative value,
under the condition of compressive stress. The austenite phase is
an FCC structure, with the largest atomic packing density. How-
ever, the crystal structure of the martensite phase was in structure
BCT, and the atomic packing density was smaller, and therefore Vm
Va become a positive value. Thus,ΔGmao0, pressure decreases
the free energy necessary for the inverse martensitic transforma-
tion to occur. Therefore, the high pressure reduces the initial
temperature of the reverse martensitic transformation and short-
ens the phase transition temperature range.
Ball milling powder has the characteristics of nanoscaled grain
size, high micro-strain, high dislocation density and high de-
formation storage energy. From the Gibbs Thomson equation [22]
describing the grain growth theory shows that grain growth
driving force is inversely proportional to grain size. When the
grain size of the milled powders reached a nanometre scale, the
larger driving force will promote the boundary rearrangement and
grain growth under the lower treating temperature. In this ex-
periment, the 304L stainless steel nanocrystals have grown up at
300 °C, which is consistent with the results of pure Fe and Ni
nanocrystals growth reported in the literature [23,24].
From Figs. 3c and 4c, it can be found that in the two conditions,
Fig. 3. XRD spectra and Rietveld reﬁnement results of powder milled for 25 h and its vacuum heat-treated samples. (a) XRD spectra of the samples subjected to vacuum heat
treatment at 300 °C to 800 °C (at intervals of 100 °C); (b) trend of variation of the martensite and austenite contents with temperature; (c) relation of the grain sizes of the
martensite and austenites with the change in temperature, as calculated by MAUD.
Fig. 4. XRD spectra and Rietveld reﬁnement results of the powder milled for 25 h and its HTHP samples. (a) XRD spectra of the samples heat treated under 2.55 GPa and
temperature range of 200 °C to 800 (at intervals of 100 °C); (b) trend of variation of the martensite and austenite contents with temperature; (c) relation of the grain sizes of
the martensite and austenites with the change in temperature, as calculated by MAUD.
P. Wang et al. / Progress in Natural Science: Materials International 26 (2016) 404–410408the law of grain size change with temperature is consistent. The
grain sizes for all samples rapidly grew up at 600 °C. Based on
above phase change dynamics analysis, we know that the pressure
can promote inverse martensite phase transformation. Hence,
these results show that pressure reduce the initial transition
temperature and shorten the transition temperature range, which
lead to forming ultraﬁne grained austenitic stainless steel by
quickly completing phase transformation before the grains grow-
ing up.
The Boltzmann function is used to ﬁt the mass fraction of the
austenite phase in Fig. 4b. The accuracy of this curve ﬁtting was
reﬂected by an adjusted R-square of 0.99972. The trend of varia-
tion of the austenite phase content with the change in sinteringtemperature can be expressed by the following formula:
⎡⎣ ⎤⎦( )
= − (
+ − ( )
W
T
92.98065 79.05831/ 1
exp 479.88232 /22.92602 4-1
A
A
where WA is the weight percent of austenite and TA is the sintered
temperature within the range of 200–800.
Eq. (4-2) shows the relationship between the phase content of
the martensite and the change in sintering temperature.
Fig. 5. Mechanical properties of HTHP samples. (a) Vickers hardness and (b) yield strength of HTHP samples; solid-solution-treated AISI 304L and its corresponding phase
contents; (c) compressive strength and (d) compressive rate of the HTHP samples and the corresponding phase contents.
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= + (
+ − ( )
W
T
0.49559 84.77136/ 1
exp 486.50285 /21.99038 4-2
M
M
where WM is the weight percent of martensite and TM is the sin-
tered temperature within the range of 200–600.
3.3. Mechanical properties of the HTHP samples
In this work, the HTHP sample was exceedingly small for the
tensile test. Hence, the compression test was adopted to test the
samples' mechanical properties. Afterward, the samples were po-
lished for the micro Vickers hardness test. The solid-solution-
treated AISI 304L was tested in the same conditions for compar-
ison. The results and the corresponding phase contents are shown
in Fig. 5. Red line in the ﬁgure represents the corresponding me-
chanical properties of the sample, and the blue line is the changing
rule of the austenite phase content in the sample.
We found that the HTHP samples possess higher hardness va-
lues than those of the solid-solution-treated AISI 304L. Amongst
the samples, those sintered at 400 °C achieved the greatest hard-
ness, 4.65 GPa, which was nearly twice as much as the hardness of
the solid-solution-treated AISI 304L. The yield strengths in all
samples obtained under HTHP conditions were higher than those
of the solid-solution-treated AISI 304L. Amongst the samples,
those sintered at 400 °C attained the highest yield strength,1412 MPa, and were almost four times that of the solid-solution-
treated 304L yield strength. However, the compression ratio of
sintered samples at 400 °C is only 7.5%, and the ductility is poor.
Considering the toughness of the material, the sample sintered at
600 °C has the best comprehensive performance. Its hardness and
yield strength was increased by 72% and 224%, compared with the
solid-solution-treated AISI 304L, respectively. At the same time, its
compressive strength reaches 2233 MPa; the compression rate is
21.4%.
Considering the changes in phase content and mechanical
properties, we divide the results into three regions for analysis and
discussion. The region covered by 200 °C to 400 °C was denoted as
the A region. In this group, the main phase of the sample is mar-
tensite phase, and the phase content is almost constant. Therefore,
the procedures applied are a sintering and densiﬁed process. A
large number of martensite improved the hardness and yield
strength of the samples. With the increasing sintering tempera-
ture, all of the mechanical performance indices increased.
Meanwhile, the region from 400 °C to 600 °C corresponds with
the B region, which displays a sharp reverse martensitic transfor-
mation in the sample. The newly generated austenite has a lower
strength and better malleability than the intrinsic martensite.
Thus, the hardness and yield strength decrease with the decrease
in the martensite content. At the same time, the compressive
strength and rates increase.
In samples sintered at 600 °C and above, the martensite con-
tained in the sample was completely decomposed. The region
P. Wang et al. / Progress in Natural Science: Materials International 26 (2016) 404–410410from 600 °C to 800 °C was regarded as the C region, in which the
sample is in the austenite phase. Fig. 4b shows that the austenite
grain size increased from 400 nm to 1500 nm at the C stage. Grain
growth decreases inner stress and generates a softening effect.
Hence, the hardness, yield strength and compressive strength
decrease.
The compression rate is more sensitive to the fraction of aus-
tenite than the grain size. Therefore, the fraction of austenite in-
creases and the compression rate continues to increase with the
increase in sintering temperature. In this compression test, we
found that the ductility is sufﬁcient such that the samples cannot
be fractured in the compression process. Thus, the samples do not
achieve the compression strength and compression ratio of the
samples. This ﬁnding must be validated to improve the sample
size in the following experiments, and the tensile test must be
used in future investigations.4. Conclusions(1) The nanocrystalline AISI 304L stainless steel powders were
successfully prepared by the ball-milling method. Using
powder with the highest martensite content as raw materials,
the UFG austenitic stainless steel bulk was obtained under
HTHP conditions.
(2) Pressure can reduce the initial temperature and shortens the
temperature range of reverse martensitic transformation in
AISI 304L, cause the pressure can decrease the free energy
necessary for the transformation to occur.
(3) Under the condition of 2.55 GPa pressure and high tempera-
ture of 600 °C, the bulk UFG of austenitic stainless steel with
excellent mechanical properties, including high hardness and
yield strength, can be prepared,.Acknowledgements
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